Introduction
COPD is characterized by an abnormal innate immune response in the lungs, with increased numbers of macrophages and neutrophils. 1 Bronchial epithelial cells (BECs) are involved in the pathophysiology of COPD through the release of cytokines and chemokines in response to cigarette smoke. 2 COPD exacerbations are an acute worsening of symptoms, often caused by viral or bacterial infection and resulting in further amplification of airway inflammation. 3 Inhaled corticosteroids (ICS) are anti-inflammatory drugs that prevent exacerbations and improve quality of life in COPD patients. 4, 5 The clinical effects of ICS vary between patients, and are greater in individuals with higher blood eosinophil counts. 6 We have previously observed a wide variation between COPD patients in the effect of corticosteroids on the inflammatory response of alveolar macrophages, although no overall group mean difference was observed compared to controls. 7 COPD peripheral blood mononuclear cells (PBMCs) have been used as surrogates for alveolar macrophages, 8 as the latter are practically difficult to obtain, but the
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higham et al relationship between the corticosteroid sensitivity of PBMCs and alveolar macrophages from the same individual is not clearly understood. p38 mitogen activated protein kinases (MAPK) are members of the serine/threonine protein kinase family which are activated by a plethora of environmental stimuli and are described as stress-activated protein kinases. 9 The p38 MAPK pathway promotes inflammation in response to cytokines, toll-like receptor agonists, and components of cigarette smoke by enhancing gene transcription, stabilizing mRNAs, and increasing protein translation. 10, 11 p38 MAPK shows increased activation in the lungs of COPD patients, 12 suggesting a role for this intracellular signaling pathway in the pathophysiology of airway inflammation in COPD. Indeed, p38 MAPK inhibitors reduce cytokine production from COPD PBMCs and lung cells such as alveolar macrophages. 8, [13] [14] [15] AZD7624 is a novel inhaled p38 MAPK inhibitor that has been developed for the treatment of COPD exacerbations.
The effects of anti-inflammatory drugs, such as corticosteroids and p38 MAPK inhibitors, may vary according to cell type. 7, 16 We have studied the anti-inflammatory effects of the corticosteroid budesonide and the p38 MAPK inhibitor AZD7624 in different cell types obtained from COPD patients and controls. PBMCs, alveolar macrophages, and BECs were obtained from the same individuals, allowing comparison of drug effects between different cell types. Furthermore, we carefully characterized the clinical features of the COPD patients, in order to evaluate whether drug sensitivity was related to clinical characteristics such as exacerbation frequency.
Methods
Study subjects
Eight healthy smokers (HS), sixteen COPD infrequent exacerbators (COPD IFE), and sixteen COPD frequent exacerbators (COPD FE) were recruited for sputum induction, phlebotomy, and bronchoscopy. HS were current smokers with a $10 pack-years smoking history, normal spirometry, and no airway colonization. COPD was diagnosed based on $10 pack-years smoking history, typical symptoms, and airflow obstruction. COPD FE were defined as having $2 exacerbations/yr for the last year, whereas COPD IFE were defined as having 0 exacerbations/yr for the last year. All subjects were nonatopic, with no history of respiratory illness or antibiotic use within 6 weeks of the study.
Demographics and clinical characteristics are presented in Table 1 , and sputum, bronchoalveolar lavage (BAL), and blood cell counts are presented in Table S1 . 
sputum processing Differential cell count
Sputum was induced using 3%, 4%, and 5% saline, inhaled in sequence for 5 min, for a maximum of 15 min via an ultrasonic nebulizer (EASYneb II, Flaemnuova, San Martino della Battaglia, Italy). To minimize contamination of saliva, all subjects were instructed to thoroughly rinse their mouth with distilled water and perform coughing prior to sputum expectoration. Sputum plugs were isolated from the saliva component, combined proportionately with phosphate-buffered saline (PBS) and vortexed for 10 sec, rocked for 15 min, and centrifuged (790× g for 10 min at 4°C). PBS supernatants were removed and 0.2% DTT was added and the suspension was vortexed for 10 sec, rocked for 15 min, and filtered using a 48 µm filter (Sefar Ltd, Bury, UK). The suspension was centrifuged (790× g for 10 min at 4°C) and DTT supernatants were removed, the cell pellet was resuspended in PBS and cytospins were prepared. Slides were air dried for 30 min and then fixed in methanol for 10 min before staining with RapiDiff (Triangle, Skelmersdale, UK) for differential cell counting.
PBMC processing
Heparinized blood was layered over Ficoll-paque (GE Healthcare, Buckinghamshire, UK) and centrifuged (400× g for 30 min at room temperature). PBMCs were harvested from the interface and cells were resuspended in Roswell 
Bronchoscopy sampling
Bronchoscopy was performed after the subjects had been sedated. BAL was collected from the right and/or left upper lobe. The bronchoscope was wedged in the bronchus and a maximum of 4×60 mL aliquots of prewarmed sterile 0.9% NaCl solution was instilled per lobe. The aspirated fluid was stored on ice before filtration (100 µm filter, Becton Dickinson, Oxford, UK). The filtrate was centrifuged (400× g for 10 min at 4°C) and the BAL fluid removed. The cell pellet was treated with 3 mL ACK buffer for 3 min to lyse red blood cells, and the cell lysis quenched with PBS. BAL cells were resuspended in Roswell Park Memorial Institute media supplemented with 10% fetal calf serum, L-glutamine and Penicilin/Streoptomycin, and viable cell counts were determined by trypan blue exclusion. Macrophages were seeded onto flat bottomed 96-well plates at 1×10
5 macrophages/well for 1 h before nonadherent cells were removed, fresh media was added, and left overnight. Cytospins were prepared and slides were left to air dry for 30 min and then fixed in methanol for 10 min before staining with RapiDiff for differential cell counting.
Bronchial brushes were collected in bronchial epithelial basal medium (Lonza, Slough, UK) and stored on ice before centrifugation (400× g for 10 min at 4°C). The cell pellet was resuspended in bronchial epithelial growth medium (basal medium plus bullet kit; Lonza) and cells were seeded onto the base of bovine collagen (100 µg/mL; Stemcell, Cambridge, UK)-coated T25 flasks positioned vertically and incubated at 37°C and 5% CO 2 for 10 days with medium changed every 2-3 days. Cells were then passaged onto the base of bovine collagen-coated T25 flasks positioned horizontally and grown to 80% confluence with medium changed every 2-3 days. When confluent, cells were passaged onto bovine collagen-coated flat bottomed 96-well plates at 30,000 cells/well and grown to 80% confluence.
Cell culture
PBMCs and lung macrophages were pretreated with AZD7624 or budesonide (both provided by AstraZeneca) for 1 h prior to stimulation with lipopolysaccharide (LPS) (1 µg/mL, Escherichia coli B6-026; Sigma-Aldrich) for 24 h. Supernatants were collected and analyzed for tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and IL-10 by enzyme linked immunosorbent assay according to manufacturer's instructions (TNF-α and IL-6 R & D Systems, Abingdon, UK; IL-10 eBioscience). BECs were pretreated with AZD7624 or budesonide for 1 h prior to stimulation with poly I:C (100 µg/mL; Invivogen, Toulouse, France) for 24 h. Supernatants were collected and analyzed for IL-6 and C-X-C motif ligand 10 (CXCL10) by ELISA according to manufacturer's instructions (R & D Systems). All compound-treated cells and unstimulated and stimulated controls contained 0.02% DMSO (Sigma-Aldrich).
Statistical analysis
All statistical analysis was performed using GraphPad InStat software (GraphPad Software Inc., La Jolla, CA, USA). Data distribution was determined by the Kolmogorov-Smirnov test. Clinical characteristics were normally distributed and comparisons between groups were made by a one-way analysis of variance (ANOVA) followed by Tukey's post hoc analysis, an unpaired t-test, or a χ 2 test. Basal and stimulated cytokine production were analyzed by a one-way ANOVA followed by Tukey's post hoc analysis (parametric) or a Kruskal-Wallis test followed by Dunn's post hoc analysis (nonparametric).
Comparison of compound effects between study groups and within the same study group was made by a two-way ANOVA followed by a Tukey's post hoc test. IC 50 values for budesonide (the concentration required to cause 50% inhibition) were calculated using sigmoidal curve fitting of group mean data. IC 30 was also calculated as, often, it was not possible to calculate the IC 50 due to inhibition not reaching above 50%.
Results
Study subjects
COPD patients had typically impaired lung function compared to HS, such as significantly lower forced expiratory volume in 1 second and forced expiratory volume in 1 second/ forced vital capacity ratio (p,0.001); the demographics are shown in Table 1 . The mean exacerbation rate in the previous year for the COPD FE group was 2.1. The majority of COPD FE and COPD IFE were ICS users. Apart from exacerbation history, COPD FE and COPD IFE groups had similar clinical characteristics. Induced sputum, BAL, and blood cell counts are shown in Table S1 . There were few significant differences between groups.
PBMCs
PBMCs were collected from 8 HS, 16 COPD IFE, and 16 COPD FE. There were no differences between groups 
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higham et al in the basal production or the LPS-induced production of TNF-α, IL-6, or IL-10 ( Figure S1 ). There was no difference between groups in the inhibitory effect of budesonide (0.1-1,000 nM) on LPS-induced cytokine production ( Figure 1 ). The IC 50 and IC 30 values were similar between groups (Table 2) . Maximal inhibition for budesonide reached approximately 70% for TNF-α and IL-6, while IL-10 inhibition was lower at approximately 45%.
There was no difference in the inhibitory effect of AZD7624 between groups (Figure 1 ). Maximal inhibition for AZD7624 reached approximately 50% for TNF-α, 30% for IL-6, and 80% for IL-10. In all patient groups, the maximal inhibition of TNF-α and IL-6 by budesonide was greater than AZD7624, while inhibition of IL-10 was lower for budesonide compared to AZD7624 (Table S2) .
COPD patients were further analyzed according to current smoking and blood eosinophil counts (using a threshold of 300 cells/µL, which identifies patients with higher corticosteroid response clinically). 17 The majority of patients were ICS users (n=26 out of 32), so subanalysis based on ICS use could not be performed. For smoking status (14 current smokers versus 18 ex-smokers) and eosinophil counts (n=12 .300 cells/µL versus n=20 ,300 cells/µL), there were no significant differences between groups for drug effects ( Figures S2 and S3) . 
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Differential anti-inflammatory effects of budesonide and AZD7624 in COPD all COPD patients as BAL fluid return or cell yield were too low. The basal production of IL-6 was significantly higher from COPD FE compared to HS and COPD IFE ( p,0.05; Figure S4 ). LPS-induced production of TNF-α and IL-6 was significantly higher from HS compared to COPD IFE and COPD FE ( p,0.01; Figure S4 ). There were no other differences between groups in basal or LPS-stimulated cytokine production. Group mean inhibition of cytokine production by budesonide is shown in Figure 2 . TNF-α inhibition was significantly greater in HS compared to COPD IFE and COPD FE. Greater IL-10 inhibition in HS was also observed compared to COPD IFE (at 100 nM only) and COPD FE (at 10-100 nM). There was no difference between groups in the degree of IL-6 inhibition. Budesonide had similar effects in COPD FE compared to COPD IFE.
The IC 50 and IC 30 values for all cytokines are shown in Table 3 . In some cases in COPD patients, the IC 50 values could not be calculated as the maximal effect was ,50%. In general, IC 50 and IC 30 values showed a trend to be lower in HS compared to COPD patients.
The maximal effect of budesonide was reached at 100-1,000 nM for the majority of subjects (Figure 3 ). In the HS group there was little variation between subjects for the degree of maximal inhibition. In contrast, the individual responses for COPD IFE and COPD FE patients were more heterogeneous. In all subject groups, variation in the individual responses was evident at lower budesonide 
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higham et al concentrations (1-10 nM). This variation became less evident in HS as the budesonide concentration increased, but was still evident in COPD patients. Inhibition of TNF-α by AZD7624 was significantly higher in HS compared to COPD FE (Figure 2 ; 10 and 1,000 nM) while inhibition of IL-6 was significantly higher in COPD IFE compared to HS (10 and 100 nM) and COPD FE (10-1,000 nM). There was no difference between groups for IL-10 inhibition. In HS, maximal inhibition of all cytokines by budesonide was significantly higher than AZD7624 (Table S3) . Conversely, the only difference in the COPD groups was for maximal inhibition of IL-6 in the COPD FE group, which reached 43% for budesonide and 11% for AZD7624.
When analyzing the COPD data based on smoking status and blood eosinophil counts, there were no differences between subgroups (Figures S5 and S6 ).
relationship between PBMCs and alveolar macrophages
We investigated the relationship between PBMC and alveolar macrophage steroid responses by comparing maximal budesonide inhibition from paired samples (Figure 4 ; HS =8, COPD IFE =8, and COPD FE =9). There were no significant correlations between maximal inhibition of IL-6, TNF, or IL-10 release from paired PBMCs and alveolar macrophages when the groups were analyzed combined (Figure 4 ) or separately (data not shown).
BEC study
BECs were collected from six COPD IFE and five COPD FE. There was no difference in the basal production of IL-6 or poly I:C-induced production of IL-6 and CXCL10 ( Figure S7 ). The basal production of IL-10 was undetectable. Budesonide had a small inhibitory effect on poly I:C-induced 
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Differential anti-inflammatory effects of budesonide and AZD7624 in COPD cytokine production, with no difference between groups; the maximal inhibition was approximately 20% for IL-6 and CXCL10 ( Figure 5 ). Maximal inhibition by AZD7624 was approximately 40%-60% for IL-6 and 20%-40% for CXCL10. For both COPD IFE and COPD FE groups, maximal inhibition of IL-6 by AZD7624 was significantly greater than budesonide (Table S4 ). Inhibition of CXCL10 was numerically greater with AZD7624 compared to budesonide, but this did not reach statistical significance.
Discussion
We show that the anti-inflammatory effects of the corticosteroid budesonide in COPD and controls varied greatly within a patient according to the cell type studied. BECs showed the greatest insensitivity to budesonide, while PBMCs showed the greatest sensitivity. There was no correlation between the results from PBMCs and alveolar macrophages, highlighting that PBMCs do not predict the corticosteroid sensitivity of lung cells. Clinical characteristics, including exacerbation frequency, did not influence corticosteroid sensitivity.
The p38 MAPK inhibitor AZD7624 had a greater effect than budesonide on cytokine production from BECs.
An important aspect of this study was the comparison of drug effects on different cell types obtained from the same individual. Cytokine production from BECs showed little inhibition by corticosteroids. Poly I:C was used as a stimulus in these experiments, as this TLR3 agonist produces robust proinflammatory responses in BECs, greater than the TLR4 agonist LPS. 18 LPS was used in PBMC and macrophage experiments, and perhaps some difference in drug sensitivity between cell types could be attributed to the stimuli used. Regardless, we show that budesonide had little effect on the response to the viral mimetic poly I:C; this is likely to be an important observation in the context of viralinduced COPD exacerbations. Indeed, it has been reported that a short-term course of systemic steroids did not reduce viral load or shedding in adults hospitalized with respiratory syncytial virus, 19 further supporting the concept that corticosteroids have limited utility in treating viral-induced COPD exacerbations. AZD7624 had a greater effect on BEC cytokine production, suggesting that p38 MAPK inhibitors may be able to address the excessive inflammation that can occur after viral infection in COPD patients. Moreover, p38 MAPK inhibition in the bronchial epithelial BEAS2B cell line has been shown to reduce poly I:C-induced TNF-α and IL-1β release, 20 further supporting a role for p38 inhibition in viral-induced bronchial inflammation.
We observed up to approximately 40% inhibition of CXCL10 by AZD7624. Although this may reduce the airway inflammatory burden, CXCL10 is an important component of the antiviral response. 21, 22 Reducing the levels of CXCL10 may have detrimental effects on the antiviral response in COPD patients. This must be considered when examining the utility of p38 inhibition as a potential COPD treatment.
Corticosteroids are poor inhibitors of cytokine release from COPD BECs. It has previously been shown that poly I:C-induced CXCL8 release from COPD BECs was inhibited by 22% by dexamethasone. 23 In another study, budesonide inhibited TNF-α-induced granulocyte macrophage-colony stimulating factor and CXCL8 release from COPD BECs by approximately 40%. 16 Here, we report similar findings in both COPD FE and IFE, with budesonide inhibition failing to reach above 25%.
PBMCs are often used as surrogates for alveolar macrophages due to the practical difficulties in obtaining the latter. 8 We are unaware of any publications which have compared the corticosteroid response of paired PBMCs and alveolar macrophages from the same individual. We demonstrate a lack of correlation between the results from these different cell types. This questions the relevance of PBMC experiments when studying the effects of ICS that are used principally to address lung inflammation.
In contrast to our previous reports, this is the first time that we have observed a reduced effect of corticosteroids in HS compared to COPD alveolar macrophages. We have previously pooled the results from a number of studies (n=20 never smokers, n=27 smokers, and n=45 COPD patients) using dexamethasone to study the effects of corticosteroids on alveolar macrophages, and found no difference between COPD patients and controls. 7 However, 
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Differential anti-inflammatory effects of budesonide and AZD7624 in COPD we reported considerable between-individual variation in corticosteroid sensitivity and now report the same phenomenon, albeit using budesonide. We suggest that the different corticosteroids are unlikely to be the reason for the different observations regarding COPD patients versus HS. More likely, the high degree of between-individual variation in COPD macrophage corticosteroid sensitivity means that the modest sample sizes used here contributed to observable differences between groups. It is interesting that clinical characteristics, including exacerbation frequency, had no influence on corticosteroid sensitivity in alveolar macrophages (or PBMCs).
In general, the effects of AZD7624 were lower than budesonide in PBMCs and alveolar macrophages, in contrast to the BEC findings. This highlights variation between the effects of different classes of anti-inflammatory drugs according to cell type and suggests that multiple antiinflammatory drugs are needed in COPD to address different cellular components of inflammation. Differences between groups for the effects of AZD7624 were inconsistent, and we suspect are false-positive results due to small sample sizes.
IL-10 is an important mediator in the resolution of pulmonary inflammation. In IL-10-knockout mice infected with Streptococcus pneumoniae, there was increased mortality, higher expression of proinflammatory cytokines, and increased recruitment of neutrophils into the lungs compared to wild-type littermates. 24 Furthermore, IL-10-knockout mice exposed to cigarette smoke demonstrated significantly higher levels of neutrophils and TNF-α in the BAL fluid compared to wild-type littermates. 25 There is a reduction in the levels of IL-10 in COPD blood, and this negatively correlates with severity of disease. 26 It is possible that the inhibition of IL-10 production in COPD patients by corticosteroids or p38 MAPK inhibitors may hinder the resolution of inflammation.
The dose of LPS used to stimulate an inflammatory response from alveolar macrophages and PBMCs in this study was 1 µg/mL. This is a concentration widely used in the literature, [27] [28] [29] [30] and we have previously shown that 1 µg/mL is a submaximal dose in alveolar macrophages. 28 Although this may not accurately reflect in vivo levels of endotoxin, 31 this is a well-recognized method for studying the anti-inflammatory effects of drugs in vitro. In conclusion, we have observed highly variable corticosteroid responses within the same individual depending on the cell type studied; PBMCs showed the greatest sensitivity and BECs showed the greatest insensitivity. In addition, the p38 MAPK inhibitor AZD7624 had a greater effect on poly I:C-induced cytokine release from BECs than budesonide. These findings demonstrate that a single class of drug cannot successfully suppress the complex inflammatory network that exists in COPD. A one-size-fits-all approach is therefore not only redundant in treating different individuals with COPD 32 but also in treating inflammation within the same COPD patient.
